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Introduction
Architecture is as important as the material of construction when considering the mechanical properties of structures. This is true on the macro scale as in the case of the Eiffel tower a Supporting information for this article is available at the bottom of the article's abstract page, which can be accessed from the journal's homepage at http://www.mrc-journal.de, or from the author.
which derives its mechanical stability as much from its unique architecture as from the iron used in its construction. Likewise in biology, on the nano-to micro-scales, the hollow tube architecture of a microtubule leads to a large effective bending modulus for this important cellular scaffold material. On the colloidal length scale the RBC is an exquisite biological example of a structure which is highly deformable. The deformability of the RBC is a vital property allowing it to function. [1] [2] [3] While the unique mechanical properties of RBCs are related to the complex architecture of the cell membrane, [4] much of their general mechanical deformability may be captured by the intelligent design of a simple synthetic particle mimic.
Recently, there has been strong interest in fabricating and characterizing new polymeric particles with a variety of shapes, chemistries, and sizes [5] [6] [7] [8] [9] particularly on the cellular length scale which is important for interaction with biological systems. The interaction between synthetic and biological systems is one of today's most vibrant areas of research and it is increasingly recognized that the physical properties of synthetic materials are as important as their chemical properties. [10] [11] [12] As mentioned, mechanical properties on all scales are dependent upon the architecture of the object in question. To date, it has proven difficult to translate architectural concepts from the man-made macro scale, or the biologically self-assembled nano-scale, to the micro-scale for use in polymeric colloids. More generally, the idea of deformability in biological systems such as the RBC has not been translated to polymeric colloids. Recently, the concept of deformable particles was alluded to in the literature but no measure of particle flexibility was made. [13] Additionally, the reported studies in which the flexibility of polymeric colloids has been systematically modulated are mostly limited to rheological measurements of dense colloidal pastes. [14] [15] Generally, these studies were performed with spherical particles and no measure was made of the mechanical properties of the colloids themselves. It is of strong interest to control the mechanical properties of polymeric particles independent of their chemical properties especially for interaction with biological systems. [10] There is increasing evidence that the physical properties of bio-compatible materials are important in regulating biological responses. Such an advance evokes visions of a new class of in vivo applications where cell-like synthetic colloids are used for cargo delivery, sensing, or patient diagnostics. As a first step toward the development of such materials, we synthesized polyethylene glycol (PEG) hydrogel particles with sizes and shapes reminiscent of RBCs. The motivation for choosing to mimic RBCs stems from the potential for in vivo uses of such particles where, like real RBCs, they would be expected to remain in circulation in the blood stream. Here we describe their synthesis and characterization and we demonstrate how control over both the nano-and micro-structure of the particles leads to an extremely large range of mechanical properties.
Experimental Part Particle Synthesis
The monomer solution consisted of 65% v/v PEG mixture containing PEG diacrylate with a molecular weight of 700 (PEG(700)DA, Sigma-Aldrich) and PEG with a molecular weight of 200 (PEG 200, Sigma-Aldrich), 15% v/v photoinitiator 2-Hydroxy-2-methyl-1-phenylpropan-1-one (Darocur 1173, Ciba), and 20% v/v TE buffer (100×TE, OmniPur diluted to 3× with deionized water). In the case of particles functionalized with rhodamine the solution contained 1% v/v of a 10 mg·mL −1 methacryloxyethylthiocarbamoyl rhodamine B (Polysciences) solution in PEG 200. The fraction of PEG(700)DA in the mixture was varied such that its total concentration in the monomer solution was between 10 and 40% v/v. The particles were synthesized in an all polydimethylsiloxane (PDMS) microfluidic channel with a height of 4.5 μm using the stop flow lithography (SFL) technique and setup as previously described. [16] Briefly, the microfluidic channel was placed on an inverted objective microscope (Axiovert 200, Zeiss) and arrays of particles were polymerized cyclically through a 40× microscope objective. The transparency mask used to define the array of particles was ordered from FineLine Imaging (Colorado Springs, CO). The pressure used to drive flow during polymerization was 3psi and the exposure dose of UV light during each cycle of polymerization ranged from 50 to 150 ms depending on the concentration of PEG(700)DA. The particles were collected in phosphate buffered saline (PBS) containing 0.05% v/v Tween 20 and 40% v/v PEG 200. They were then spun down in a benchtop centrifuge and the supernatant fluid was replaced with PBS containing 0.05% Tween 20.
The PEG particles functionalized with a DNA probe were made in a similar fashion with the following changes. Only 18% v/v 3×TE was used and no rhodamine acrylate was added. Additionally, 2% v/v of a 500×10 −6 M solution containing an acrylated DNA probe (5′ -Acrydite-Sp18 -ATA GCA GAT CAG CAG CCA GA -3′, Integrated DNA Technologies) in PBS was added. To test the ability of the DNA-labeled particles to uniquely capture a complimentary strand of DNA, a mixture of inert and functionalized particles (~1 000 particles/μL) was incubated in PBS containing 0. 
Particle Size Measurement
The size of the particles was measured with images from a microscope mounted camera (KP-M1A, Hitachi) using a 40× objective. The diameter and thickness of the particles were determined by measuring >100 individual colloids. In the case of crosses and S-shapes, the diameter was measured by circumscribing a circle around the particles using image analysis software (ImageJ) and measuring the diameter of the circle. To compare the particle sizes with RBCs, 10 μL of the particle solution (≈1 000 particles/μL) was mixed with 10 μL of whole blood diluted in PBS at a ratio of 1:1 000.
Particle Flow Testing
A 4 μm tall microfluidic channel was molded in PDMS and bonded to a glass coverslip. The channel (shown in Supporting Information (SI) Figure 1 ) contained entrance and exit regions where access holes were punched, a 960 μm long approach section, five parallel 4 μm constrictions, and a 30 μm long exit section. A liquid filled reservoir containing PBS with 0.5% Tween 20 was inserted into the entrance hole and connected to a pressure source with a regulator (Omega Engineering, 0-15 psig). The channel was filled at 3 psi by opening the pressure valve. The reservoir was then replaced with another containing the particle sample. The driving pressure was set on the regulator for pressures >1 psi or by manometer (custom made) for pressures <1 psi. The frequency of passage and threshold pressure drop were determined by observation with a 20× objective on the inverted microscope. The pressure drop through the constriction was calculated using COMSOL Multiphysics finite element modeling software for a given total pressure drop across the entire channel.
Videos of Particle Passage
The viscosity of the suspending fluid was increased by adding 50% v/v glycerol to the particle suspension and the particles were then filmed while flowing through the constrictions in both brightfield and fluorescence using a microscope mounted camera (KP-M1A, Hitachi) at 30 frames per second (interlaced). The video was de-interlaced using custom routines in MATLAB to achieve an effective 60 frames per second. The videos in the Supplemental Information are slowed down 2×.
Results and Discussion
Red blood cells (RBCs) have a biconcave disk shape with a diameter of ≈8 μm and a thickness of ≈2 μm. [17] Using SFL [16] we synthesized a variety of PEG hydrogel colloids with similar sizes. While the shape of RBCs is important biologically, we also demonstrate that other non-biological shapes with the same general size as RBCs can exhibit enhanced properties. Using different photomasks (Figure 1 bottom row) we were able to synthesize monodisperse disks, rings, crosses, and S-shapes in large quantities (>1E6 particles/batch) with a thickness of 2 μm±0.1 μm (Figure 1 ). The disks and rings were determined to have a diameter of 8 μm±0.2 μm and the mask design was such that an 8 μm diameter circle can just circumscribe the crosses and S-shaped particles. The volumes of the four classes of particles were 100, 75, 56, and 56 μm 3 for disks, rings, crosses, and S-shapes, respectively.
To tune the deformability of the particles we systematically altered their cross-linking density, a well known method for altering the mechanical properties of bulk and micropatterned hydrogels. [18] [19] [20] We have recently shown that in the free radical polymerization which takes place in SFL, the extent of reaction can not be easily altered. [21] However, it has been previously shown for bulk hydrogels synthesized through free radical polymerization that the concentration of reactive species can drastically impact the type of reactions that occur. [22] At low reactive species concentrations, radical termination primarily occurs within a single molecule resulting in a cyclization while at high concentrations, it primarily occurs between two molecules resulting in a crosslink. [22] In the former case, the gel has a more open nano-structure with larger pores than in the latter case where high crosslinking density leads to smaller pores.
The four classes of particles were synthesized using PEG(700)DA concentrations ranging from 10v/v to 40% v/v. There was no observable dependence of the size or shapes of the particles upon the concentration of PEG(700)DA and the particles were approximately the same size as RBCs (Figure 1e-h) . It was determined experimentally that below a concentration of ≈7%, intact particles could not be reliably polymerized agreeing well with the gelation point of similar systems. [22] The mechanical test used to characterize the particles was motivated by the in vivo environment. In circulation, RBCs regularly flow through capillaries with diameters smaller than the nominal size of the cell itself. The smallest of such capillaries is ≈5 μm and thus the RBC must deform to pass through. The pressure difference across the capillary in vivo can be as small as ≈0.2 mmHg. [23] The PEG particles synthesized here were thus tested by flowing through a microfluidic channel containing several 4 μm×4 μm constrictions under a known pressure difference. A detailed description of the flow test system is provided in Supporting Information (SI) Figure 1 . For each particle geometry and crosslinking density we determined the critical threshold pressure differential ΔP c , defined as the pressure differential at which 50% of the particles pass through the constrictions. This mechanical test was chosen to highlight the anticipated particle behavior under physiological conditions. The critical pressure differential is shown in Figure 2 as a function of the concentration of PEG(700)DA for the four different classes of particles. The error bars mark the range of ΔP from 0 to 100% passage. Figure 2 illustrates the importance of both the nano-and microstructure of the colloids. The most drastic feature is the range of four orders of magnitude in ΔP c over which the data span. In all cases, the particles have the same nominal size (inscribed within an 8 μm×2 μm disk) but their mechanical properties vary over such a large range through tuning the crosslinking density and micro-scale shape. As expected, particles synthesized with a higher concentration of PEG(700)DA are less flexible as the nanostructure of the gel contains smaller pores. A second feature of the data in Figure 2 is the drastic change in ΔP c that occurs near the gelation point. This behavior is consistent with observations in bulk hydrogel materials. [22] In all cases the particles synthesized with 10% PEG(700)DA pass through the constrictions under mild pressure differentials ranging from 2.8 mmHg for disks to 0.05 mmHg for S-shapes, which is smaller than pressure drops observed in human capillaries in both healthy and diseased states. [23] [24] Aside from the dependence upon nano-scale architecture, the shapes also exhibit variable deformability as a function of their micro-structure. Disks appear to be the least flexible of the four followed by rings, crosses, and finally S-shapes. To investigate this varied behavior more closely, we determined their conformations while passing through the constrictions. The mode of passage through a pore offers valuable insight into the behavior of colloidal materials. For instance, in order for flexible molecules such as DNA to pass through a nanopore, the head of the molecule must enter first with the body threading behind. [25] This has been shown important for biomolecule separations. Here, we observed a rich array of modes of passage including bending, twisting, and orientation effects. For disks, rings, and crosses we observed that the particles prefer to buckle, rather than compress in order to pass through the constriction while S-shapes predominately twist during their passage. Furthermore, crosses and S-shapes exhibit a preferred orientation as they passed through the constriction. The passage of the four types of particles is shown with still-frame image sequences in Figure 3a -d (videos of passage are in SI). The observed length of the deformed particle within the constriction is the same as in the undeformed case before the constriction indicating that the particles are bent rather than stretched. The mode of passage for each shape is further illustrated in Figure 3e -h along with higher magnification images showing that a disk, ring, or cross trapped within the constriction does indeed adopt a folded over shape. In contrast, Figure 3h demonstrates that the two ends of the S-shaped particle twist in opposite directions enabling passage with only minimal bending. For crosses and S-shapes, the particles were seen to orient as illustrated in Figure 3g -h.
The actual mechanism of passage in this study is quite complicated, driven by hydrodynamic, excluded volume, and surface forces in addition to mechanical deformation of materials with complex shapes. However, a simplified view of the bending and twisting modes helps to explain the trends observed in Figure 2 . Along the plane where deformation occurs (Figure 3i ) the cross-sectional area of the disk (16 μm 2 ) is larger than the ring (8 μm 2 ) and the cross (5.7 μm 2 ),given its preferred orientation. The torsion of the S-shaped particles occurs within the plane illustrated in Figure 3i which has the smallest area (4 μm 2 ) of the four. It is known that the bending modulus is proportional to the cross-section of the structure in question. If we consider the bulk of the energy penalty for deformation to lie within the plane of deformation we can comment on the trends observed. Under this simplification, the energy required to bend the disks will be largest followed by rings, crosses, and S-shapes.
Another important observation is that the distribution of mass plays a crucial role in determining the behavior of the particles. Crosses and S-shapes have the same volume (56 μm 3 ) but measurably different deformability, important when considering the carrying capacity of these materials for applications such as drug delivery to specific target cells within the blood stream. By distributing the same amount of mass (or volume) into different micro-structures, flexibility can be tuned without affecting the capacity to carry functional molecules.
While the particles in this study are of similar size and shape to RBCs there are important differences which become evident when testing their mechanical properties. RBCs are vesicles with an internal fluid phase contained by a cell membrane. Therefore, when a RBC passes through a constriction, its mode of passage is significantly different and involves a more fluid-like deformation of the membrane. [4] The PEG particles in this study are poroelastic objects with consistent material properties throughout their volumes which governs their deformation during passage through the constriction. As such, their mechanical properties are not comparable to those of RBCs, especially in terms of deformability. Nonetheless, the range of pressure drops at which the PEG particles can pass through the constriction spans the entire physiological range observed in human capillaries.
To emphasize the potential utility of these particles for in vivo applications in the blood stream, we demonstrated the ability to functionalize particles with a variety of biologically relevant chemistries. In Figure 4 we show non-functionalized, non-fluorescent S-shapes mixed with rings containing a 20 base DNA probe (Figure 4a-b) or biotinylated antiEpCAM (Figure 4c-d) which is frequently overexpressed by epithelial derived cancer cells. [26] [27] In the case of rings containing DNA probe, we incubated the particles with a complimentary target 20 base DNA strand labeled with Cy3 fluorescent dye. Fluorescence images of the particle mixture after incubation (Figure 4b ) confirm that the target DNA associates only with the functionalized rings indicating that the S-shapes are indeed inert. Likewise, when rings labeled with biotinylated anti-EpCAM are incubated with fluorescein isothiocyanate (FITC) labeled neutravidin in the presence of inert S-shapes, again the FITC labeled protein only interacts with the functionalized particles (Figure 4d ). Through this example, we demonstrate the ability to independently synthesize PEG particles with a variety of useful chemistries independent of their size, shape, and mechanical properties.
Conclusion
Using SFL, we synthesized a new class of squishy microparticles with comparable size to RBCs and independently tuned their size/shape, functional chemistry, and mechanical flexibility. Altering the concentration of reactive PEG(700)DA in the monomer solution affected the particle cross-linking density. This variation in nano-structure led to a large difference in the measured mechanical properties when the particles were flowed through narrow microfluidic constrictions. Further tuning the micro-architecture of the particles by changing their shapes expanded the range of flexibilities to four orders of magnitude. The materials of construction for the particles presented here are identical and only their nanoand micro-architecture have been modulated. Finally, we demonstrated that many biologically important functional chemistries can be incorporated into the particles independent of their other properties.
Even with the development of new tools for synthesizing and manipulating polymeric colloids, the range of possibilities for controlling their properties remains largely untapped. This work represents the first systematic demonstration of independent control over size/ shape, functional chemistry, and mechanical flexibility of polymeric colloids. The wide range of control demonstrated here will serve as a first step toward new materials that may have impact in many fields including advanced materials, drug delivery, consumer products, and in vivo diagnostics.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Collections of PEG particles 8 μm in diameter and 2 μm thick with cross sections in the shapes of (a) disks, (b) rings, (c) crosses, and (d) S-shapes. The top row contains brightfield images from video of the particles flowing and the middle row contains fluorescence images of concentrated particles. The bottom row of images contains composite brightfield and fluorescent images of diluted human whole blood (grayscale) and PEG particles (fluorescent) mixed together in PBS illustrating the size of the (e) disks, (f) rings, (g) crosses, and (h) S-shapes with respect to RBCs. The photomask used to define each shape is shown in the bottom row along with relevant dimensions. In the case of crosses and Sshapes, a dashed circle was added to the mask to illustrate their size relative to the disks and rings. In all images, the scale bars are 10 μm. Threshold pressure differential for passage of disks, rings, crosses, and S-shapes through 4 μm×4 μm constrictions as a function of the concentration of PEG(700)DA in the prepolymer solution. The vertical dashed line is the experimentally determined gelation point below which intact particles could not be synthesized. Images of inert S-shaped particles and rings functionalized with a biomolecule. Brightfield (a) and fluorescence (b) images of the particle mixture after incubation with a fluorescent target 20 base DNA strand. In this case the rings were hybridized with a 20 base probe DNA. Brightfield (c) and fluorescence (d) images of the particle mixture after incubation with a fluorescently labeled neutravidin target. In this case the rings were functionalized with a biotinylated antibody relevant in cancer biology. The PEG particles appear oriented randomly due to their Brownian motion. The scale bars in all images are 10 μm.
